The influence of the choice of the exchange-correlation functional (semilocal gradient corrected or hybrid functionals) on the electronic properties of metal-exchanged zeolites has been investigated for Cu-and Co-exchanged chabazite. The admixture of exact exchange in hybrid functionals increases the fundamental gap of purely siliceous chabazite, leading to better agreement with experiment and many-body perturbation theory for close-packed SiO 2 polymorphs where detailed experimental information is available. For the metal-exchanged chabazite the increased exchange splitting strongly influences the position of the cation states relative to the framework bands-in general, gradientcorrected functionals locate the occupied cation states close to the valence-band maximum of the framework, while hybrid functionals shift the occupied cation states to larger binding energies and the empty states to higher energies within the fundamental gap. The photoluminescence spectra have been analyzed using fixed-moment total-energy calculations for excited spin states in structurally relaxed and frozen geometries. The geometrical relaxation of the excited states leads to large differences in excitation and emission energies which are more pronounced in calculations using hybrid functionals. Due to the stronger relaxation effects calculated with hybrid functionals, the large differences in the electronic spectra calculated with both types of functionals are not fully reflected in the photoluminescence spectra.
I. INTRODUCTION
In the preceding paper of this series (hereafter referred to as I) we have analyzed in detail the influence of the choice of an exchange-correlation functional [semilocal gradientcorrected (generalized gradient approximation (GGA)) or hybrid functional] on the structural properties of purely siliceous and transition-metal exchanged chabazite predicted by density-functional calculations. 1 We have shown that for the pure SiO 2 zeolite, hybrid functionals (the PBE0 (Ref. 2) or Heyd-Scuseria-Ernzerhof (HSE, Refs. 3 and 4) functionals) predict a slightly lower volume and shorter Si-O bond lengths in better agreement with experiment than semilocal gradient-corrected functionals (the Perdew-Burke-Ernzerhof (PBE, Ref. 5 ) and Perdew-Wang (PW91, Ref. 6) functionals). More significant differences were found in the local environment of the extra-framework cations and of the Al/Si substitution sites in Cu(I)-, Cu(II)-, and Co(II)-exchanged chabazite. Around an isolated Al/Si substitution site, the conventional functionals predict a uniform expansion of the tetrahedral environment (uniform elongation of all four Al-O bonds) and a uniform distribution of the electron deficit on all surrounding framework oxygens. Hybrid functionals predict a stronger stretching of two Al-O bonds and a smaller one of the two remaining Al-O bonds, accompanied by a localization of the electron deficit on the two oxygen atoms with stretched bonds to the Al site. For all three extra-framework a) Author to whom correspondence should be addressed. Electronic mail:
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cations, both types of functionals predict a preferred location of the cation in an almost coplanar off-symmetry position within a six-membered ring (6MR) of the chabazite structure. For the Cu(I) cation, GGA functionals predict a threefold, hybrid functionals and a fourfold coordination by framework oxygens. For the divalent Cu(II) and Co(II) cations the coordination is always fourfold, but hybrid functionals predict stronger bonds to the activated oxygen atoms next to an Al site. Locations of the cation in an eight-membered ring (8MR) are always twofold or threefold coordinated, independent of the choice of a functional, but energetically disfavored by about 0.35-0.45 eV (0.29-0.37 eV) with GGA (hybrid) functionals. For the Cu(II) cation the energy differences measure up to 1.5 eV with GGA, with hybrid functionals the energetic penalty increases by 0.3-0.5 eV. Spin-polarized density-functional calculations have been used to determine the ground state and fixed-moment calculations have been used to determine the structure and energies of excited spin states. Cu(I)-chabazite has a singlet ground state, the triplet state is higher in energy by up to 2.8 eV, depending on the configuration. This energy difference is slightly higher with GGA than with hybrid functionals. An important result is that in the structurally relaxed triplet state a Cu(I) cation in a 6MR is only twofold coordinated. For Cu(II)-chabazite the ground state has spin S = 1/2 and the excited spin state is S = 3/2. Again for the location within a 6MR the coordination is reduced to two oxygen atoms in the excited state, while for locations in an 8MR the changes in the local structure are less dramatic. This is also reflected in the spin-dependent difference in the total energy, which is much larger for Cu(II) in a 6MR than in an 8MR.
The ground state of a Co(II) cation in chabazite has spin S = 3/2. A Co(II) cation is fourfold coordinated in a 6MR and threefold in an 8MR, energy differences are of the same order of magnitude than for Cu(II). The lowest excited state is a low-spin state with S = 1/2, higher in energy by 0.3-0.5 eV (0.9-1.0 eV) with GGA (hybrid) functionals. In the low-spin state the coordination of the Co(II) cation remains unchanged. A high-spin state with S = 5/2 is higher in energy by 2.4-3.9 eV (2.8-5.0 eV) with GGA (hybrid) functionals, changes in the coordination are smaller than for the Cu(II) cation-in the high-spin state essentially all Co-O bonds are stretched, but not broken.
These results demonstrate that the influence of the choice of the exchange-correlation functional is more pronounced for the spin state of the cation and its local coordination than for the structure of the zeolitic framework. An even increased importance of the choice of the functional is expected for the electronic structure. It is well known that densityfunctional calculations seriously underestimate the width of the fundamental gap in semiconductors and insulators. For SiO 2 polymorphs (α-and β-quartz, β-cristobalite) 7, 8 and for amorphous silica 9 density-functional calculations predicted a gap width around 5.5 eV, much lower than the experimental value 10 , 11 of 8.9-9.3 eV. More accurate determinations of the gap width require many-body perturbation (GW) calculations. 12, 13 Because of the complexity of GW calculations, most applications to silica use approximate versions of the theory with model dielectric functions. Ramos et al. 14 have calculated gaps between 10.16 and 10.31 eV for different structural variants of β-cristobalite, Martin-Ramos et al. 9 reported GW gaps of 9.4 eV and 9.3 eV for α-quartz and amorphous silica, and Umari et al. 15 reported a GW gap of 8.5 eV for vitreous silica.
For zeolites information on their electronic structure is rather scarce, because most theoretical studies have concentrated on their structures and chemical reactivities. Early density functional calculations 16 predicted a gap width of 5.5 eV for mordenite, Hartree-Fock cluster calculations 17 values of about 10 eV for protonated sodalite. For structures as complex as those of zeolites, GW calculations would be computationally very demanding. However, extended comparisons of GW calculations with hybrid-functional calculations for a wide range of semiconductors and insulators have demonstrated 18 that the gaps calculated with a screened hybrid functional 3 are in consistently good agreement with the most sophisticated GW calculations. Hence, we expect that calculations with hybrid functionals will also yield improved values for the energy gap of the purely siliceous chabazite.
However, for transition-metal exchanged zeolites this is not the entire story. The divalent Cu(II) and Co(II) cations carry a paramagnetic moment. The exchange splitting between majority-and minority-spin states and the gap between the occupied and empty metal d-states will determine the position of the energy levels of the cation relative to the bands of the framework and hence be of crucial importance for determining the chemical reactivity of the active sites in the zeolite. Hybrid functionals are known to predict a much larger exchange splitting than conventional GGA functionals, even for the same value of the spin of the cation.
The electronic state of cations in metal-exchanged zeolites may be probed using various photoluminescence spectroscopies [diffuse reflectance spectroscopy (DRS) covering the range from the ultraviolet (UV) across the visible (vis) range to the near infrared (NIR)]. [19] [20] [21] [22] [23] [24] [25] The measured spectra proved to be sensitive to the environment of the extraframework cation and have been widely used to characterize their locations. However, the assignment of particular features in the spectra to particular locations of the cations turned out to be difficult. Traditionally, cations were attributed to different possible extra-framework locations on the basis of the comparison of the dominant DRS emission bands with the energies of the electronic eigenstates of the cation in the ligand field of the surrounding framework oxygens, calculated for optimized cluster models representing the surrounding of the cation. 20, 21, 26 The basic assumption behind this approach is that the creation of an excited state of the cation does not affect its coordination to the framework-hence, the energies measured in absorption and emission spectra should be the same.
Lamberti et al. 19 were the first to point out that the difference in the measured emission and adsorption energies reflects changes in the environment of the cation. Adsorption peaks reflect excitation processes from the ground state to an excited state. Because electronic processes are much faster than ionic re-arrangements, the equilibrium geometry of the ground state is conserved in the excited state. The lifetime of the excited state is long enough for the excited state to relax its structure before a transition back to the ground state occurs, accompanied by the emission of radiation. Therefore, vertical excitation energies have to be calculated as the energy difference between the lowest excited state and the ground state at the ground-state optimized structure. Conversely, vertical emission energies are calculated as the energy difference between the excited state and the ground state, calculated for the excited-state optimized geometry. Therefore, the difference between the excitation and emission energies is just the sum of the energies gained by relaxing the excited state from the frozen ground state geometry to its equilibrium structure, and the ground state from the frozen excited state geometry back to equilibrium (see Fig. 1 ). Nachtigall et al. 27 seem to have been the first to realize, following the suggestion of Lamberti et al. 19 that the coordination of a cation may be significantly different in the ground and excited states and to present calculations which account for the relaxation of the excited-state geometries and for the differences in the excitation and emission energies.
One has to emphasize that the two approaches to a theoretical interpretation of the DRS spectra are fundamentally different. The first is based on a frozen ground-state geometry and determines the energies of the DRS bands (which are supposed to be identical in emission and adsorption) in terms of differences between one-electron energies. In the second approach the geometry is also assumed to remain unchanged during the excitation or emission process, but it is admitted that the system remains long enough in the excited electronic state to relax its geometry before the transition back to the electronic ground state takes place. In addition, total-energy differences and not differences in one-electron eigenvalues are used to derive the energies of the DRS bands. Here we shall examine both methods, but with the essential difference that the electronic spectrum has been calculated not only for a cluster, but for the complete periodic structure of the zeolite.
In the following we will first present the electronic spectra of purely siliceous chabazite, followed by a detailed analysis of the electronic densities of states of the transition-metal exchanged chabazites in their ground and excited spin states. Our results demonstrate that GGA and hybrid functionals lead to very different results for the location of the cation d and s states relative to the energy bands of the framework and significant differences in the spin-density distributions. This will be followed by the analysis of the DRS spectra measured in emission and absorption, using both the conventional framework of one-electron excitations at a fixed lattice geometry and the assignment of the peaks in the measured DRS spectra to total energy differences between ground and excited states proposed by Nachtigall et al. 27 The significant differences in the eigenstates of the cations, depending on the choice of the exchange-correlation functional, will of course be of consequence for their chemical reactivities. The following and last paper of this series will be devoted to the calculations of the adsorption and of the vibrational properties of CO and NO probe molecules.
II. FUNCTIONALS AND COMPUTATIONAL SETUP
In our calculations we have used five different exchangecorrelation functionals: (i) The PBE (Ref. 5) and PW (Ref. 6) functionals developed by Perdew et al. in the GGA. Both functionals are parameter-free in the sense that all parameters are derived from sum-rules, asymptotic limits, etc. known from many-body theory, no adjustment to data from experiment or higher-level quantum-chemical calculations has been made. (ii) The hybrid functionals PBE0, 2 HSE03, 3 and HSE06 (Ref. 4) mixing 75% density-functional and 25% exact (Hartree-Fock) exchange, while treating correlation within the GGA. In the PBE0 functional the full Coulomb-kernel has been used in the Hartree-Fock exchange energy, while in the HSE functionals a screened Coulomb-interaction with different screening lengths has been introduced.
The calculations have been performed using the Vienna ab initio simulation package VASP (Refs. 28 and 29) which performs a variational solution of the Kohn-Sham equations of density-functional theory (DFT). Unconstrained DFT calculations always converge to the ground state. For the calculation of excited spin states we have used a fixed-moment method. 30 Self-consistent DFT calculations for excited states with the same spin as in the ground state are not possible. For the transition-metal cations considered in this study the creation of an excited high-spin state involves the excitation of a 3d-electron in a spin-down state to a 4s state with spin up. Because the exchange splitting of the 4s state is always much smaller than the energy difference between 3d and 4s states, the spin-dependent contribution to the total-energy difference will be much smaller than the contribution from the 3d → 4s transfer. For all technical details we refer to I.
III. ELECTRONIC SPECTRUM OF PURELY SILICEOUS CHABAZITE
The electronic density of states of purely siliceous chabazite is shown in Fig. 2 . The electronic spectrum of chabazite is very similar to that of other, more densely packed polymorphs of SiO 2 (quartz, cristobalite, coesite, etc.). [7] [8] [9] 14 The upper part of the valence band (about 4.5 eV wide) is of pure O-p character, it is separated by a small internal gap from the lower part (about 5.5 eV wide) with a stronger contribution from Si. A narrow band at ∼18 eV below the valence band edge is predominantly of O-s character. The conduction band consists mostly of Si states, emphasizing the ionic character of the material. The indirect band gap of SiO 2 chabazite calculated using GGA functionals is 5.5 eV (PBE or PW91), to be compared with 5.79 eV (α-quartz), 5.53 eV (α-cristobalite), and 5.32 eV (β-cristobalite) 8 from calculations using the same type of functionals. Admixture of exact exchange increases the width of the gap to 8.0 eV (PBE0), screening of the exchange interactions (with the HSE03 or HSE06 functional) reduces the gap to 7.0-7.3 eV, depending on the screening length. The gap predicted with hybrid functionals is slightly lower than the result of recent GW calculations for crystalline and amorphous silicas of 9.3-9.4 eV (Ref. 9) or 10.1-10.3 eV (Ref. 14) , depending on the GW-variant adopted in the calculations. No GW calculations and no experimental values for the band gap of zeolites are available so far. However, the comparison with the results for other SiO 2 polymorphs suggests that even with hybrid functionals the predicted band gap for chabazite is about 1 eV to narrow.
IV. ELECTRONIC SPECTRUM OF TM-EXCHANGED ZEOLITES
The chemical reactivity of extra-framework transitionmetal cations in zeolites is determined by the position of the electronic eigenstates of the cation with respect to the valence band of the zeolite framework, which in turn depends on the hybridization of the d states of the cation with O-p states. Although it is current practice to consider the charge-transfer between the extra-framework metal atom and the framework to be complete, such that the system consists of a cation with the full positive ionic charge and a negatively charged framework on which all T-O bonds are saturated, the analysis of the electronic structure suggests only a partial charge transfer. This has consequences on the binding between cation and framework and also on the chemical reactivity of the Lewis site. In the following we analyze the electronic properties by calculating the electronic density of states, by performing a Bader analysis 31, 32 of the local charges, and studying the local electron-and spin-density distributions. In addition, we present a detailed analysis of the electronic spectra of excited spin states derived from fixed moment calculations.
A. Cu(I)-chabazite

Ground state: Spin singlet
For Cu(I)-chabazite the occupied 3d states of the monovalent cation form a narrow band just above the valence band of the framework. However, the Cu-3d states also undergo a certain degree of hybridization with framework states belonging to the upper part of the valence band. The empty s states are rather delocalized and spread out over a range of energies at the bottom of the conduction band (see Fig. 3 ). This result is almost independent of the choice of the functional and of the location of the cation, except for the width of the gap between the highest occupied Cu-d state and the lower edge of the conduction band with a modest admixture of Cu-s states which varies for a cation in a 6MR between 3.2 eV (PBE) and 5.7 eV (PBE0). Compared to a Cu(I) cation located in a 6MR, a location in an 8MR only shows a tendency to a more bimodal character of the d-band, due to the lower coordination number of the cation, and narrower energy gaps between the 3d states and the conduction band minimum. The gaps calculated with all five functionals for all three configurations of Cu(I)-chabazite are summarized in Table I . The degree of hybridization between cation and framework states influences the charges on cation and framework. A Bader analysis 31, 32 shows that the charge on the cation is lower than the formal ionic charge of +1, varying between 0.70 and 0.75 if GGA functionals are used, and between 0.76 and 0.80 for hybrid functionals, see Table II . The charge is lower for the more stable cation location in the 6MR. The analysis shows that the delocalized 4s electron of the Cu atom is largely, but not completely transferred to the zeolite framework.
A calculation of the difference-electron density (chargedistribution on the metal-exchanged chabazite minus chargedistributions on the neutral Al-chabazite and the neutral transition-metal atom, calculated at the frozen geometry of the metal-exchanged zeolite) shows the nature of the chargeredistribution-see Fig. 4 for a cation in an 8MR. The Cu(I) site is electron-depleted, electrons are transferred to the activated oxygen atoms. Calculations using a GGA functional (here PBE) predict the transferred charge to be rather delocalized and distributed over all activated atoms, predominantly to those forming a strong bond to the Cu(I) cation. Calculations using hybrid functional show a stronger localization of the charge on the framework, the largest negative charge is concentrated on the O(1) atom forming the shortest Cu-O bond. The bonding oxygen atoms are also polarized, charge is accumulated in p states extending perpendicular to the plane of the 8MR.
Excited state: Spin triplet
The formation of a state with spin S = 1 (spin-triplet) requires the excitation of a spin-down Cu-3d electron to a spinup Cu-4s state. The formation of a hole in the Cu-3d band and the occupation of a much more extended Cu-4s state lead to a change in the coordination of the cation (as discussed in detail in I) and to a profound modification of the electronic spectrum. The densities of states for the geometrically relaxed S = 1 state of the Cu(I) cation in configuration (1), calculated using the PBE and HSE03 functionals and the fixed-moment approach are shown in Fig. 5 . Note that in fixed-moment calculations the difference in the Fermi energies of spin-up and spin-down electrons is adjusted such as to produce the desired magnetic moment (for details, see I). The spin-polarized 3d states now overlap with the valence band of the zeolite framework. Whereas GGA calculations predict the Cu-3d states to be located close to the valence-band maximum (VBM), and an empty 3d state just above the Fermi level for spin-down electrons, hybrid functionals locate the occupied Cu-3d states at larger binding energies close to the center of the O-p band and the empty minority Cu-3d state is located about 2.5 eV above the upper edge of the valence band. A spin-polarized Cu-4s state is located in the upper half of the band gap between occupied and empty framework state, the Fermi energy for spin-up electrons is located between the two spinpolarized Cu-4s states. The partial occupation of the spatially much more extended Cu-4s state is responsible for the low coordination (only two Cu-O bonds) of the Cu(I)-cation in the triplet state.
The delocalized character of the spin-distribution of Cu(I)-chabazite in the triplet state [configuration (1)], calculated using the PBE functional is shown in Fig. 6 . The figure shows an extended spin-distribution of mixed Cu-4s and Cu3d character at the cation and spin-polarized O-p states on the two activated oxygen atoms forming strong bonds with 3d states of the cation.
It is important to note that the exchange splitting of the 4s state is modest in comparison of the 3d-band. Hence, a change in the spin-orientation of the 4s electron (leading to the formation of an excited singlet state) will require only an excitation energy which is much smaller than that for the 3d → 4s excitation.
B. Cu(II)-chabazite
Ground state: Spin doublet
For an extra-framework Cu particle compensating the electron deficit of two Al/Si substitutions on the framework, the formal ionic charge is 2+ and the electron configuration is 3d 9 . The unpaired 3d-electron has a spin of S = 1/2 which is also the spin of the Cu(II)-chabazite system in its ground state. Although the geometries optimized with both types of functionals display only minor differences, the electronic spectra are very different. As an example the total density of states (DOS) and the partial DOS on the Cu-site calculated with the PBE, PBE0, and HSE03 functionals are shown for configuration (3) of Cu(II)-chabazite in Fig. 7 .
Calculations with a conventional GGA functional predict a relatively narrow, weakly spin-polarized Cu-3d band overlapping with the upper part of the valence band of the zeolite framework. A very weak spin-polarization is also induced on the framework. The broadening of the Cu-3d states of the isolated cation to a narrow band arises from the hybridization with framework O-2p states, forming bonding Cu-3d-O2p states. The majority Cu(II)-3d states are fully occupied, the minority band is shifted to slightly lower binding energies such that a hole state distributed over cation and framework is located at the upper edge of the valence band. The empty Cu4s state is located approximately in the center of the band gap. The exact location of the empty Cu-4s state for all configurations calculated with different functionals is listed in Table III . The weaker bonding of the Cu(II) cation located in an 8MR is reflected in a much lower distance of the Cu-s state from the VBM.
Calculations with the PBE0 hybrid functional show that the admixture of exact exchange leads to (i) an increased exchange splitting (as measured by the different positions of the center of gravity of the majority and minority 3d states) and (ii) an increased splitting between occupied and empty d states, resulting in a shift of the occupied Cu-3d states to larger binding energies close to the center of the valence band of the framework and of the empty Cu-3d and 4s states to energies farther above the valence-band edge [see Fig. 7(b) ]. As a result, the empty minority 3d states are now separated from the VBM by a gap of about 1.1-3.4 eV, the empty Cu-4s states are located 3.7 eV [configuration (6) ] to 6.9 eV [configuration(1)] above the valence-band edge (detailed values are listed in Table III ). The screening of exact exchange in the HSE03 and HSE06 functionals reduces the gap between occupied and empty eigenstates, the empty minority 3d states are now positioned closer to the VBM, the energies of the Cu4s states are about 1 eV lower than those calculated with the PBE0 functional.
A Bader analysis of the charge state of the extraframework Cu(II) cation yields a positive charge of about +1 if GGA functionals are used, and of +1.3 with hybrid functionals. These charges are almost independent of the coordination of the extra-framework cation, for details see Table II . The character of the non-spin-compensated states close to the Fermi-edge determines the spin-density distribution. Figure 8 shows the spin-density in Cu(II)-chabazite [configuration (3)] as calculated with PBE and HSE03 functionals. The spindensities reflect the bonding eigenstate formed by Cu-d and O-p states, which is of a more localized character if a hybrid functional is used (note the spin-polarization of the O-atoms next to the second Al framework site which is not directly connected to the cation).
The important result of the foregoing analysis is that GGA calculations predict a non-zero DOS of Cu-3d states at the Fermi level, whereas with hybrid functionals the highest occupied Cu-3d states are located about 2.5 eV below E F and the lowest empty Cu-3d states about 0.1-3.4 eV above E F , depending on the cation location and the screening of the exchange-correlation functional. As a consequence, the predicted chemical reactivity and adsorption capacity of a Cu(II)-cation will be much lower if hybrid functionals are used in the calculations.
Excited state: Spin quadruplet
The formation of an excited high-spin state of Cu(II)-chabazite with S = 3/2 formally requires the excitation of a spin-down electron to an empty spin-up state. However, because even in calculations with a conventional GGA functional, the occupied spin-down states of the Cu(II) cation have comparable or even larger binding energies than the highest framework states, the excitation proceeds not by the promotion of a spin-down Cu-3d electron, but by the creation of a hole in the spin-down bands of the framework. The DOS of the structurally relaxed high-spin state of Cu(II)-chabazite, calculated using the fixed-moment approach and the PBE and HSE03 functionals is shown in Fig. 9 .
Irrespective of the cation configuration and of the choice of the functional, the total spin of S = 3/2 is carried by an occupied Cu-4s spin-up state, and two holes in the spin-down Cu-3d and framework valence states. The DOS for different cation locations and calculated using different functionals dif- fer (i) in the position of the Cu-d states relative to the framework states, and (ii) the splitting between empty and occupied spin-down states. With conventional GGA functionals the spin-down Fermi level lies in a region of a high DOS of hybridized Cu-d and framework states, the spin-up Fermilevel lies in the gap between the spin-up and spin-down Cu-s states. With hybrid functionals, the empty spin-down framework state is separated by a small gap (or a deep DOS minimum) from the occupied states, the empty Cu-d states is shifted to higher energies in the gap. The three components of the S = 3/2 spin-distributions are shown in Fig. 10 at the example of configuration (1) and calculations with the HSE03 functional. The spin density distribution consists of (i) the occupied spin-up Cu-s state, (ii) the empty Cu-d spin-down state, and (iii) the empty spin-down framework state. Even in calculations with a hybrid functional (which tend to produce more localized eigenstates) we find that the spin contributed by the hole in the valence band of the framework is very delocalized and distributed over many oxygen atoms.
An excited doublet state is created if the occupied 4s state conserves the spin of the spin-down 3d state. The excited doublet state will be higher in energy than the S = 3/2 state by an energy roughly proportional to the exchange splitting of the 4s state.
C. Co(II)-chabazite
Ground state: Spin quadruplet
A Co(II)-cation with the formal charge 2+ has electron configuration d 7 and spin S = 3/2. This is also the ground state for Co(II)-chabazite in all six configurations. As the coordination of the extra-framework Co(II) cations in chabazite is very similar to that of the divalent Cu(II) cations, the main differences in the electronic spectra arise from the increased exchange splitting. Figure 11 shows as an example the electronic DOS for configuration (1) as calculated with the PBE, PBE0, and HSE06 functionals.
PBE calculations predict a fully occupied majority Cod band located at the upper edge of the valence band of the framework. The minority states are split into a broad band centered at the Fermi level and a narrower band located within the energy gap. The Fermi level is located in a region with a high DOS of minority states. Calculations with the PBE0 hybrid functional predict a shift of the occupied majority Cod states to higher binding energies and a splitting of about 3-5 eV between the occupied and empty minority states, depending on the location of the cation. The Fermi level is now located in the wide gap between the occupied bonding and empty antibonding states. With a screened hybrid functional the empty Co-d states are located at lower energies within the gap.
Calculations with GGA functionals predict also only a modest variation of the DOS with the location of the cation: independent of the configuration the highest occupied majority Co-d state is always close to the upper edge of the framework band, and the band of minority states overlaps with the Fermi level. In contrast, the location of the cation states with respect to the framework varies appreciably in calculations with PBE0 functional. For configuration (1) the highest occupied majority and minority Co-d states coincide with the edge of the valence band of the zeolite framework. In configuration (2) (with only one Al in the 6MR) the highest occupied Co-d states are about 1 eV below the VBM, in configurations (3) to (6) with the cation in an 8MR the energy difference increases to about 2 eV. As the gap between the occupied and empty Co-d minority states is about the same in all six configurations, the gap between the VBM and the lowest empty Co-d in the gap is reduced accordingly.
The Bader analysis yields an effective charge of about +1.3 (GGA) and +1.5 (hybrid functionals) for the cation, see Table II for details. The charge-redistribution is illustrated in Fig. 12 . Not only is the charge transferred from the cation to the surrounding framework oxygen atoms, both the d states of the cation and the p states of the oxygen atoms are polarized. On the cation the positive charge leads to an increased electron density close to the nucleus and to a charge depletion at larger distances. On the oxygen atoms charge is transferred between different p states, increasing the overlap with the cation d states and promoting a stronger bonding of the cation to the framework. Thus, we find that hybrid functionals influence the two divalent cations in chabazite to a very different extent. In Cu(II)-chabazite the splitting of the d states in the field of the ligands leads to a vanishing DOS of d states close to the Fermi level and hence to a reduced reactivity of the Lewis-site if hybrid functionals are used. In Co(II)-chabazite the change in the DOS caused by the admixture of exact exchange is generally the same, but because also the exchange splitting is increased, occupied minority d states are found at the upper edge of the valence band. Hence, we expect the influence of the choice of the functional on the chemical reactivity of the Lewis site to be less pronounced.
The spin-densities introduced by the two transition-metal cations are also quite different. Whereas for Cu(II) all bonding oxygen atoms on the framework are spin-polarized to some degree, for Co(II) the spin is much more localized on the cation. This is illustrated in Fig. 13 which shows that only the oxygen atom forming the strongest bond to the cation is weakly spin-polarized. 
Excited low-and high-spin states
An excited low-spin state with S = 1/2 (singlet) of the Co(II) cation can be formed by transferring the electron occupying the highest spin-up Co-d state into the empty spin-down state with the lowest energy. In the DOS calculated with GGA functionals (see Fig. 11 ) the minority Co-d band overlaps with the Fermi level, a low-spin state hence has only modest energy difference relative to the S = 3/2 ground state of 0.3-0.6 eV. Calculations with hybrid functionals predict a location of the lowest empty minority Co-d states at energies between 0.5 and 5 eV above the VBM (depending strongly on the screening of the exchange kernel), but still modest energy differences of the relaxed S = 1/2 state relative to the ground state of about 1 eV (for details, see I). This suggests strong electronic relaxation effects. Like for all excited spin states, the calculations for the low-spin state of Co(II)-chabazite have been performed using the fixed-moment method. However, in contrast to the other excited spin states where different Fermi energies for spin-up and spin-down states are required to achieve the chosen total spin moment, for the S = 1/2 state of Co(II)-chabazite the calculations converge to a metastable spin configuration with a common Fermi energy for spin-up and spin-down states. The DOS shown in Fig. 14 demonstrates that for GGA functionals this is achieved by an almost rigid shift of the majority Co-3d states to lower binding energies such that the highest state is now unoccupied, and a shift of the minority Co-3d states to larger binding energies such that now three and not only two states are occupied. The shift of the majority Co-3d band significantly reduces its hybridization with the framework states. Calculations with hybrid functionals show a similar picture, but the majority Co-3d states are shifted by a much larger amount, placing both occupied majority and minority Co states at the upper edge of the valence band of the framework. GGA calculations locate the empty Co-3d states just above the Fermi energy, hybrid functionals predict a gap of about 4 eV between the VBM and the empty states. The formation of an excited high-spin state with S = 5/2 requires the transfer of a spin-down electron into a spin-up state-which can be only a Co-4s state. The DOS calculated with the fixed-moment method is shown in Fig. 15 . Calculations with GGA functionals predict shifts of the majority and minority Co-3d bands in opposite directions such that the fully occupied majority states are located at the center of the chabazite valence band, whereas the only occupied minor- ity state is located at the VBM, with the empty Co-3d states immediately above the Fermi energy and the occupied Co4s state 3.8 eV above. Because hybrid functionals predict a strongly increased splitting of occupied and empty states, the occupied majority Co-3d states fall almost at the bottom of the valence band, the single occupied minority Co-3d state close to the center of the band is strongly broadened by hybridization with the framework. The empty minority states form a narrow band separated from the VBM. The drastic changes in the electronic structure reflect the large energy difference between the high-spin and the ground state (see I for details).
V. PHOTOLUMINESCENCE SPECTROSCOPY OF ELECTRONIC EXCITATIONS
The energy of the excited photons used in photoluminescence or diffuse reflectance experiments on transition-metal exchanged zeolites lies in the UV, vis, or NIR range. This is usually much lower than the width of the energy gap of the purely siliceous host lattice. In this case the electronic transitions related to the photoluminescence energies measured in adsorption or emission must occur between the ground state and empty eigenstates within the gap created by the presence of the extra-framework cation. Theoretical calculations of the photoluminescence energies are usually based on cluster calculations of the splitting of the d states of the cation in the ligand-field of the surrounding oxygen framework atoms. 20, 21, 26 Within our approach based on periodic band-structure calculations this corresponds to the calculation of differences between one-electron energies of empty and occupied eigenstates. In both cases the underlying assumption is that the excitation does not induce a relaxation of the electronic and/or atomic structure, i.e., Koopmans theorem applies. A consequence of this assumption is that the same energies should be measured in both excitation (absorption) and emission. An important difference between both approaches is, however, that ligand field theory admits only d − d transitions between eigenstates of the cation, whereas band theory considers the energy of the cation states relative to the framework bands and the possibility that a charge-transfer transition from a framework oxygen to the cation may occur at an even lower energy. Lamberti et al. 19 seem to have been the first to point out that the measured absorption and emission wavelengths can be significantly different. They explained the observed difference by changes in the first coordination shell of the extra-framework cation. Following this suggestion Nachtigall et al. 27 performed calculations of excitation and emission energies accounting for the electronic and structural relaxation of Cu(I)-ZSM5 in the singlet ground state and in the excited triplet state. In the following we shall present a comparative discussion of both approaches applied to the interpretation of the photoluminescence data of Cu-and Co-exchanged chabazite.
A. DRS spectrum of Cu(I)-chabazite
DRS UV-vis spectra for Cu(I)-chabazite have been reported by Dědeček et al. 33 The experiment was performed on Cu(II)-exchanged chabazite reduced in hydrogen or carbon monoxide and it was estimated that 90% of the Cu cations are in the monovalent state. Two different Cu(I) emission bands with intensity maxima at 2.48 eV (500 nm) and 2.29 eV (540 nm) have been reported. Only the band at higher energy was detected at low Cu(I) loading, it was attributed to three-coordinated cations located in the 6MR, while the emission band at lower energy was assigned to cations located in an 8MR. This assignment is also supported by the observation that the presence of large co-cations (Cs + , Ca 2 + ) blocking the site in the 6MR eliminates the band at 2.48 eV. However, it has to be emphasized that the energies of the emission bands were determined by fitting two Gaussian bands to a broad, slightly asymmetric emission spectrum. The width of both Gaussians is larger than the separation of the two bands.
Our calculations of the electronic structure of Cu(I)-chabazite have demonstrated that, independent of the location of the cation and of the choice of the exchange-correlation functional, both the fully occupied Cu-3d states and the empty Cu-4s state are located within the energy gap of purely siliceous chabazite. Cation location and functional influence only the energy difference for the 3d → 4s excitation which varies between 3.3 eV [configuration(1) in the 6MR] and 2.2 eV [configuration (3) in an 8MR] in calculations with the PBE functional, and between 5.8 eV and 4.8 eV for the same configurations with the PBE0 hybrid functional (for a complete list of all energy differences, see Table I ). These transition energies are much larger than those observed experimentally, and in I we have also shown that the cation coordination (especially of a cation located in the 6MR) changes significantly in the triplet state created by the 3d → 4s excitation.
Following Nachtigall et al. 27 vertical S 0 → T 1 excitation energies were calculated as the energy difference between the triplet and singlet states at singlet-optimized structures. Vertical T 1 → S 0 emission energies are determined by the energy difference between triplet and singlet states, calculated at triplet-optimized geometries. Our results are compiled in Table IV . The results may be summarized as follows: (i) Excitation energies are always much higher than emission energies. The difference is largest for the Cu(I) cation in the 6MR which is fourfold coordinated in the ground state, but only twofold coordinated in the excited state. It is much lower for configurations (2) and (3) with the cation in an 8MR where the excitation induces only a modest change in the local geometry. (ii) The choice of the functional has only a modest influence on the calculated excitation and emission energies. In this respect the Cu(I)-cation seems to be a special case, because the spin densities associated with the unpaired electron in the 4s state are rather delocalized. (iii) Excitation energies vary between 2.20 eV and 3.60 eV (PBE) and 2.22 eV and 3.52 eV (PBE0)-the highest excitation energy is calculated for the cation located in the 6MR. (iv) The emission energies predicted by our calculations range between 2.07 and 2.16 eV (GGA) and 1.96 and 2.00 eV (hybrid functionals). The emission energies are only slightly larger for configurations (1) and (2) strates that both electronic and structural relaxation must be considered in the theoretical interpretation of the photoluminescence data. The DRS spectra of Cu(I)-chabazite may be compared with those of other Cu-exchanged zeolites. For Cu(I)-ZSM5, Lamberti et al. 19 reported the existence of two predominant emission peaks at 2.53 eV and 2.32 eV and two excitation bands at 4.13 eV and 4.84 eV. In agreement with the assignment of Dědeček et al. for Cu(I)-chabazite, the high-energy bands (both emission and excitation) were attributed to threecoordinated Cu(I) cations, and the low-energy bands to twocoordinated species. For the same zeolite Dědeček et al. 34 reported emission bands centered at 2.58 eV and 2.29 eV, assigned to Cu(I) cations adjacent to two and one Al on tetrahedral sites, respectively. Nachtigall et al. 27, 35 have calculated the transition energies for the singlet-triplet transitions (at singlet-optimized geometries) and the triplet-singlet transitions (at triplet-optimized geometries) for various DFToptimized cluster models of cation sites in Cu(I)-ZSM5, using the B3LYP hybrid functional. Emission energies varying between 1.88 and 2.34 eV, and excitation energies between 2.10 and 3.72 eV were reported. For the excitation energies a pronounced correlation with the number of Cu-O bonds exists-the highest excitation energies were found for cations coordinated to three to four framework oxygens. No such correlation exists for the emission energies. These conclusions are also supported by our results, and the calculated emission energies are also lower than experiment (especially those calculated with hybrid functionals because the admixture of Hartree-Fock exchange increases the exchange splitting and favors the formation of high-spin states 36 ).
Nachtigall et al. argued that the measured excitation energies represent the excited 3d 9 4s 1 -singlet state (which cannot be determined by a fixed-moment method). An estimated energy of 0.2-0.3 eV for the singlet-triplet splitting would lead to full agreement of the emission energies calculated in the GGA with experiment. For the hybrid functionals a slightly larger energy of 0.3-0.4 eV is required-this agrees with the larger exchange splitting of the 4s state induced by the addition of exact exchange. In summary both types of functionals seem to perform equally well.
B. DRS spectra of Cu(II)-chabazite
Korhonen et al. 37 have reported DRS spectra for Cu(II)-chabazite showing broad maxima at 1.49 eV (assigned to d − d transitions) and about 5.88 eV (attributed to electron transfer from oxygen to Cu). A similar spectrum has been reported by Groothaert et al. 38 for Cu(II)-ZSM5 with a low Cu/Al ratio, and by Smeets et al. 39 for a variety of Cu-exchanged zeolites (faujasite, mordenite, ferrierite, etc.). DRS bands in the energy range around 1.5 eV and assigned to d − d transitions have also been reported for other Cu(II) zeolites (MFI, Y, X, faujasite, mordenite). 21, 26 The bands around 1.5 eV were deconvoluted into a set of three bands with maxima in the energy ranges 1.29-1.55 eV, 1.51-1.70 eV, and 1.82-1.91 eV assigned, on the basis of cluster calculations, to various cation configurations in a 6MR of the zeolite containing a different number of Al atoms. In the energy range between the bands assigned to d − d and charge-transfer transitions after calcination in O 2 an intense feature assigned to an oxygen-bridged di-copper cluster was reported. However, the possibility of the formation of cluster cations was not considered here.
In the electronic DOS calculated using a conventional GGA functional the Cu-3d states are located close to the Fermi level, with the highest unoccupied minority state located just above E F . For all cation locations, a d − d transition, from the highest occupied majority to the lowest empty minority state (and hence changing the sign, but not the magnitude of the spin) is possible with an excitation energy between 0.05 and 0.5 eV. Calculations with a PBE0 hybrid functional predict a different picture: the admixture of Hartree-Fock exchange induces a splitting of 3-4 eV between the occupied and empty minority Cu-3d states, placing the highest occupied state at about 2 eV below the valence band maximum and the empty Cu-d state at 1.5-2.5 eV above. In this case the lowest possible excitation energy for an electronic transition is from a framework state at the valence band edge to the empty Cu-d state, i.e., for a charge-transfer transition from a framework oxygen atom to the Cu(II)-cation which is reduced to Cu(I). Depending on the cation location the differences in the one-electron energies vary between 1.1 eV [configuration (6) in an 8MR] and 3.4 eV [configuration (1) in the 6MR], for details see Table III . Screened hybrid functionals (HSE03 and HSE06) reduce the distance between the VBM and the empty Cu(II)-3d state to 0.5-2.5 eV (see Table III ). Hence, screened hybrid functionals predict for the most probable configurations (1) and (2) 
well as structural relaxations, but this seems to be legitimate for these low transition energies.
The DRS maximum at about 5.9 eV may be assigned to transitions to a high-spin state with S = 3/2. The energies of the DRS excitation and emission bands are determined by the vertical D 1/2 → Q 3/2 transition energies at the doubletoptimized structures, and of the emission energies for the vertical Q 3/2 → D 1/2 transitions at the quadruplet-optimized geometries. We find larger differences between the excitation and emission energies and, especially for cations in the 6MR [configurations (1) and (2)], also a pronounced influence of the choice of the functional (see Table IV ). Excitation energies calculated using hybrid functional range between 4.5 and 6.3 eV and are larger by ∼0.50 to ∼1.50 eV than those calculated using GGA functionals. In contrast, emission energies are lower if calculated using hybrid functionals (2.05-2.2 eV), compared to 2.4-2.6 eV with conventional GGA functionals. For both types of functionals we find only a weak dependence of the emission energies on the cation location. This reflects the fact that structural relaxations in the excited highspin state are much more pronounced with hybrid functionals. Compared to Cu(I)-chabazite, excitation energies are strongly increased by up to 2.6 eV (especially those calculated using hybrid functionals), while emission energies are increased by much smaller amounts. As for Cu(I) we note a strong dependence of the excitation energies on the coordination of the cation, whereas the emission energies depend much less on the cation configuration.
The excitation energies for the most stable configurations (1) and (2) calculated using hybrid functionals for the S = 1/2 → S = 3/2 transition are in good agreement with the DRS maxima reported by Korhonen et al. 37 The excitation involves a transfer of an electron from the valence band of the chabazite framework to the spin-polarized Cu4s state-hence, the assignment of the DRS maximum to a charge-transfer excitation is confirmed by our calculations. GGA functionals predict excitation energies which are about 1 eV lower than experiment, in line with the general trend of DFT to underestimate electronic excitation energies.
C. DRS spectra of Co(II)-chabazite
DRS measurements in the visible range have been performed by Dědeček et al. 40 The spectrum consists of a broad, asymmetric band extending between 14 000 cm −1 and 22 000 cm −1 which can be de-convoluted into five Gaussians centered at 14 800 cm 24 The DRS bands cover the same energy range, they have been deconvoluted into a series of Gaussians. The lowest emission band has been attributed to Co(II) cations located in α-sites (cation coordinated to four oxygens at the wall of a channel formed by 10MR's), the bands at medium energies to β-sites (cations located in deformed 6MR's), and those with the highest energies to γ -sites (cation in complex "boatshaped" sites).
The energies for spin excitations visible as adsorption or emission peaks in the photoluminescence spectra have been calculated as the total energy differences relative to the quadruplet state with S = 3/2 for doublet (S = 1/2) and sextet (S = 5/2) states at the frozen geometry of the quadruplet relaxed state. Energies for emission peaks have been calculated as the energy difference between the doublet and quadruplet states with the doublet-relaxed geometry and between the sextet and quadruplet states at the sextet-relaxed geometry. Results are compiled in Table V. For the transition to or from a low-spin state, differences in excitation and emission energies are modest, reflecting the very small changes in the cation coordination. With a PBE functional we calculate excitation energies between about 0.55 and 0.77 eV and emission energies between about 0.25 and 0.52 eV. A PBE0 functional yields excitation energies between 0.95 and 1.08 eV, and emission energies between 0.87 and 0.92 eV. DRS adsorption bands in the range from 0.77 to 1.11 eV have been reported for various Co-exchanged zeolites. 20, 41 These energies correspond rather well to the excitation energies for low-spin states calculated using hybrid functionals. However, it has also been pointed out that the interpretation of the experimental spectra in this range is difficult because of the overlap with absorption bands of framework OH groups.
The assignment of the bands in the visible range is more difficult. Excitation energies calculated using hybrid functionals are much larger than those derived in the GGA, while emission energies are higher if the GGA is used. This reflects the stronger relaxation effects discussed in I. The emission energies calculated using GGA functionals for the high-spin state with S = 5/2 range for configurations (2) to (6) between 2.44 and 1.94 eV, in good agreement with the DRS data. 40 Only for configuration (1) with two Al atoms in the 6MR occupied by the cation a much too high emission energy is calculated. This would mean that although configuration (1) is the energetically most favorable one, it is not or only rarely realized in a low-Al chabazite with Al/Si = 11. Calculations with hybrid functionals produce too low emission energies for configurations (2) to (6) . This reflects the preference for highspin states characteristic for hybrid functionals. Only for configuration (1) an even higher emission energy is calculated.
VI. DISCUSSION
We have presented a detailed investigation of the influence of the choice of an exchange-correlation functional (conventional gradient-corrected or hybrid functional) on the electronic structure of purely siliceous and metal-exchanged chabazite in the ground state and in excited spin states. The results have been used to interpret the photoluminescence (diffuse reflectance) spectra measured for the metal-exchanged chabazite which have been widely used to determine the cation locations in the zeolite. In this analysis we have used two very different approaches. In analogy to ligand-field theory of the eigenvalue spectra of the cations in the field of the coordinating oxygen atoms we have compared the measured photoluminescence peaks with the eigenvalue spectrum of 3d and 4s states of the transition-metal cation bound in the periodic model zeolite-this approach assumes that upon excitation the system undergoes neither an electronic nor a structural relaxation. Alternatively, the excitation and emission energies have been confronted with total energy differences between excited spin states which fully account for electronic and structural relaxation.
For the purely siliceous zeolite the admixture of HartreeFock exchange in hybrid functionals leads to an increase of the predicted width of the fundamental gap from 5.5 eV (PBE, PW91) to 8.0 eV (PBE0 functional). A screening of the exchange kernel (such as in the HSE03 or HSE06 functionals) leads to a smaller gap of 7.0-7.3 eV, depending on the screening length. Even with the PBE0 functional the width of the gap is still lower by at least 1 eV than that measured experimentally or derived from many-body perturbation theory for other SiO 2 polymorphs.
For Cu(I)-chabazite the width of the gap between the highest occupied and the lowest empty eigenstates of the zeolitic framework remains unchanged. The occupied Cu3d states of the non-magnetic cation are located just above the valence band maximum, the empty Cu-4s states below the conduction-band minimum, both hybridize weakly with framework states. The 3d − 4s gap is much larger if calculated with hybrid functionals, and much larger for a cation coordinated by three or four oxygen atoms in a 6MR than for a cation more loosely bound to an Al-site in an 8MR. In an excited spin state with S = 1/2 a Cu-3d electron is promoted to a 4s state. The choice of the functional strongly influences the relative position of the partially occupied Cu3d states to the framework bands. GGA functionals predict both majority and minority Cu-3d states to be located close to the Fermi energy which falls in a range of a non-zero minority DOS. Hybrid functionals predict the occupied Cu-3d states to be located at higher binding energies, close to the center of the valence band of the framework. The empty minority Cu-3d state is separated by a gap of several eV from the VBM, at only slightly lower energy than the occupied Cu-4s state. The spin-density distribution is more localized with hybrid functionals. For Cu(I)-chabazite the electronic excitations probed by DRS necessarily involve a promotion of an electron from the fully occupied Cu-3d to a 4s state. Even with GGA functionals, the energy difference between these eigenstates calculated for the ground state is substantially larger than the energies of the DRS emission bands. Excitation energies have been calculated as energy differences between triplet and singlet states at singlet-optimized geometries and emission energies are calculated as triplet-singlet energy differences at singlet-optimized structures. The emission energies calculated using GGA functionals are larger by about 0.15 eV than those derived using hybrid functionals and in slightly better agreement with experiment (but still lower than experiment). The dependence of the calculated emission energies on the cation location is much weaker than that of the excitation energies, and this is well understood in terms of relaxation effects caused by the much larger spatial extension of the Cu-4s states. Full agreement with experiment is found if a modest energy for the triplet-singlet excitation of the 4s state is added.
A Cu(II)-cation in chabazite is paramagnetic with spin S = 1/2. The electronic structure of Cu(II)-chabazite in its ground state is rather similar to that of Cu(I)-chabazite in the excited spin state. The major difference is that with hybrid functionals the occupied Cu-3d states are shifted to even larger binding energies. As the exchange splitting remains almost the same, the position of the empty Cu-3d state is generally closer to the VBM of the framework. The energy of the empty Cu-3d state depends rather sensitively on the screening of the exchange kernel and on the cation location. For the fourfold coordinated position in the 6MR the energy of the empty 3d state is about 3 eV above the VBM, for cations in an 8MR it is only 1-2 eV (PBE0, screening of the exchange interaction leads to a further down shift). The Cu-4s state is located close to the conduction-band minimum, varying with the bond strength between cation and framework. In the excited state with S = 3/2, three contributions to the magnetic moment have been identified: from a hole in the Cu-3d state, from the occupied Cu-4s state, and from a hole in the valence band of the framework. The photoluminescence spectrum shows broad maxima around 1.5 eV assigned to d − d transitions and at 5.9 eV (attributed to oxygen-Cu charge transfer). The low-energy DRS peak can be assigned to transitions to the empty Cu-3d state whose location relative to the VBM depends very sensitively on the choice of the functional and the cation location. Best agreement with experiment is achieved with a screened hybrid functional (HSE03) locating the empty Cu-3d state at 1.56 eV for a cation bound to a single Al atom in a 6MR. For the energetically even more favorable cation location in a 6MR with two Al/Si substitution sites the calculated emission energy is 2.2 eV, it corresponds to the less intense high-energy part of the measured emission peak. Lower energies are calculated for cation locations in an 8MR. The character of the transition, however, depends on the choice of the functional. While the GGA result is compatible with a d − d transition (albeit at a too low energy), the position of the occupied Cu-3d states calculated with a hybrid functional excludes this interpretation-only for framework states at the VBM an excitation energy in agreement with experiment is found. Hence, the low-energy peak must also be interpreted as a O→Cu-3d charge-transfer transition.
For the high-energy DRS band of Cu(II)-chabazite the measured adsorption energies are also in quite reasonable agreement with the calculated energies of the Cu-4s state. However, the transition from a localized Cu-3d or an O-2p framework state to a much more extended 4s states causes quite strong structural relaxations such that the excitation energies must be calculated as the total energy difference between doublet and quadruplet states, calculated at a frozen doublet structure, and the emission energies at the energy differences at the relaxed quadruplet geometry. The excitation energies calculated with a hybrid functional (HSE03) range between 6.30 eV (cation in a 6MR with two Al) and 4.2 eV (cation in a 8MR), they change only weakly for a screened hybrid functional. Excitations calculated with a GGA functional are too low. The charge-transfer character of the excitation is much more pronounced with a hybrid functional. Because of the strong structural relaxations, emission energies are much lower and rather insensitive to the cation location. Altogether, only hybrid functionals permit a quantitatively accurate interpretation of the measured photoluminescence spectra.
For a Co(II)-cation in chabazite with S = 3/2 in the ground state GGA functionals predict a Co-3d minority band overlapping with the Fermi level, the center of gravity of the majority states is shifted to higher binding energies but there is still an appreciable majority DOS close to E F . With hybrid functionals both the full majority band and the occupied minority Co-3d states are shifted to higher binding energies, the empty minority Co-3d states lie in the upper half of the energy gap close to the Co-4s states. For Co(II)-chabazite both low-and high-spin excited states exist. The low-spin state is metastable with a small energy difference, the electronic spectrum is similar to that of the ground state, with small shifts of majority and minority DOSs in opposite directions. Formation of a high-spin state requires the occupation of the spin-up Co-4s state by an electron transferred from the highest Co-3d minority state. The electronic spectra calculated using GGA and hybrid functional differ mainly in the position of the occupied Co-3d states, while they agree regarding the location of the empty minority Co-3d states in the lower part of the gap.
The excitation energies to the low-spin state calculated with hybrid functionals (HSE03) range between 1.1 and 1.2 eV, emission energies are lowered by about 0.3 eV. These values agree rather well with the measured DRS bands in the range from 0.8 to 1.1 eV reported for various Co-exchanged zeolites. However, this energy range is not covered by the experiments on Co(II)-chabazite. With GGA functionals, the energies for the low-spin transitions are rather well approximated by the difference in the one-electron energies of the highest occupied majority and the lowest empty minority Co3d state in the ground state with S = 3/2. Hybrid functionals, however, predict a wide gap between these states, much larger than that of the measured DRS energies. In this case our calculations have shown that in the low-spin state the DOS is very different from that in the ground state.
The emission energies from the high-spin state calculated using conventional GGA functionals, varying between 2.0 eV [configuration (6)], 2.46 eV [configuration (2)], and 3.3 eV [configuration (1) ] agree reasonably well with the measured DRS bands, except for configuration (1) . However, at the low Al/Si substitution rate, the simultaneous presence of two Al atoms in the same 6MR will be rather rare, this configuration will hence contribute to the experimental spectrum with only very low intensity. The emission energies calculated with hybrid functionals are too low, due to very strong relaxation effects leading to differences of up to 3.6 eV between excitation and emission energies.
VII. CONCLUSIONS
We have presented a detailed analysis of the electronic spectra of transition-metal exchanged chabazites in the ground and excited states. The mixing of DFT and exact exchange in hybrid functionals not only increases the fundamental gap in the eigenstates of the zeolite framework, it also strongly affects the position of the occupied and empty eigenstates of the extra-framework cation relative to the framework bands. The admixture of exact exchange increases the exchange splitting and the energy difference between occupied and empty states. These effects are most pronounced in Cu(II)-chabazite where GGA functionals predict a location of the Cu-3d states close to the VBM, while with hybrid functionals the occupied 3d states are shifted to much higher binding energies. These changes are expected to influence the chemical reactivity of the cation. Similar effects are observed also in Co(II)-chabazite, but here at least the 3d-minority states are found close to the VBM such that the influence of the functional on the calculated adsorption properties will be less pronounced.
The analysis of the DRS spectra highlights two important effects: (i) The strong structural relaxation in excited electronic states leads to substantial differences in the excitation and emission energies. (ii) Calculations based on the full periodic structure of the zeolite allow to assess the relative importance of intra-ionic excitations between eigenstates of the cation split in the ligand field of the surrounding cations and charge-transfer excitation between framework and cation states.
For Cu(I)-chabazite calculations both hybrid and GGA functionals accounting for the relaxation of the excited state lead to good agreement with experiment if a small correction for the triplet-singlet splitting in the excited state is added. For the Cu(II)-chabazite the low-energy DRS bands are assigned to d − d transitions and the high-energy bands are assigned to charge-transfer excitations-in both cases best agreement with experiment is found with screened hybrid functionals. For Co(II)-chabazite the low-spin excitation energies calculated using hybrid functionals are in good agreement with the DRS adsorption bands in the range around 1 eV reported for other Co(II)-exchanged zeolites (no data are available for chabazite). For the DRS bands at higher energies between 1.8 and 2.6 eV emission energies calculated in the GGA yield best agreement with experiment. In this case hybrid functionals produce too low emission energies because the relaxation effects in the excited high-spin state seem to be overestimated. Larger DRS energies are calculated for cation locations in the 6MR of the chabazite structure, with larger values for two Al/Si substitution sites in the same ring.
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